In neurons, the polarized distribution of vesicles and other cellular materials is established through molecular motors that steer selective transport between axons and dendrites. It is currently unclear whether interactions between kinesin motors and microtubulebinding proteins can steer polarized transport. By screening all 45 kinesin family members, we systematically addressed which kinesin motors can translocate cargo in living cells and drive polarized transport in hippocampal neurons. While the majority of kinesin motors transport cargo selectively into axons, we identified five members of the kinesin-3 (KIF1) and kinesin-4 (KIF21) subfamily that can also target dendrites. We found that microtubulebinding protein doublecortin-like kinase 1 (DCLK1) labels a subset of dendritic microtubules and is required for KIF1-dependent dense-core vesicles (DCVs) trafficking into dendrites and dendrite development. Our study demonstrates that microtubule-binding proteins can provide local signals for specific kinesin motors to drive polarized cargo transport.
Introduction
Neurons are highly polarized cells that have morphologically and functionally distinct processes called axons and dendrites. To establish and maintain this polarized morphology, efficient targeting mechanisms are required to facilitate compartment-specific cargo delivery. In several model systems, it has been demonstrated that microtubule-dependent kinesin and dynein motors are critically involved in polarized transport and sorting of specific cargo between axons and dendrites Rolls, 2011) . In mammals, a total of 45 kinesin genes have been identified and the majority of kinesins are abundantly present in the brain (Hirokawa et al, 2009) . These kinesin motors have diverse functions. For instance, members of the kinesin-1, kinesin-2, kinesin-3, and kinesin-4 families are generally thought to function as motors for vesicular transport in neuronal cells (Hirokawa et al, 2009 ). On the other hand, members of the kinesin-8 and kinesin-13 subfamilies are microtubule-depolymerizing kinesins that use their catalytic activities to regulate microtubule dynamics (Walczak et al, 2013) . Neurons are especially vulnerable to defects in microtubule-based processes: Numerous kinesin motors and their regulators have been implicated in a wide array of neurological and neurodegenerative disorders (Franker & Hoogenraad, 2013; Millecamps & Julien, 2013) . However, little is known about the precise role of different kinesin motors in axon and dendritic cargo trafficking.
The specific organization of the neuronal cytoskeleton is critically important for guiding intracellular cargo transport. Microtubule arrays extend along the length of both axons and dendrites, and microtubule-based motor proteins use these cytoskeletal structures to transport cargo to the desired location. Most neuronal microtubules do not emerge from a central microtubule organizing center and their relative orientations vary in axons and dendrites (Stiess & Bradke, 2011; Yau et al, 2014) . Whereas axonal microtubules are organized such that the plus-end is oriented outward from the cell body, dendrites exhibit a mixed microtubule polarity containing both minus-end-and plus-end-out microtubules (Baas et al, 1988) . In several model systems, it has been demonstrated that kinesin-1 motors specifically target the axon, whereas the minus-end-directed dynein motor sorts cargo to dendrites (Nakata & Hirokawa, 2003; Zheng et al, 2008; Kapitein et al, 2010a) . However, considering that plus-end-out microtubules are also present in dendrites, it remains unclear whether kinesin family members can also drive cargo transport into dendrites.
Not only the specific microtubule organization in neurons, but also local cues on microtubules may provide selective transport routes for polarized cargo sorting. Axon selectivity appears mediated by specific properties of stabilized axonal microtubules, as treatment with the microtubule stabilizing agent paclitaxel results in nonpolarized targeting to both axons and dendrites (Nakata & Hirokawa, 2003; Witte et al, 2008; Kapitein et al, 2010a) . Moreover, there are several lines of evidence showing that specific posttranslational modifications (PTMs) can control microtubule-based transport in neurons (Janke, 2014) . For instance, kinesin cargo transport is somewhat sensitive for microtubule polyglutamylation, and PTMs influence the motile properties of kinesins on reconstituted microtubules (Ikegami et al, 2007; Sirajuddin et al, 2014) . Microtubule-associated proteins (MAPs) and other microtubule-binding proteins are strongly compartmentalized in neurons and have also been shown to control kinesin motor activity (Atherton et al, 2013) . For instance, doublecortin (DCX) and doublecortin-like kinase 1 (DCLK1) interact with microtubules and have been implicated in microtubule-based transport processes (Tanaka et al, 2004; Liu et al, 2012) . However, the role of specific microtubule-binding proteins in regulating polarized cargo transport in neurons has not been investigated.
In this study, we systematically determined which of the 45 kinesin family members can translocate cargo in COS-7 cells. We next tested which "cargo translocating" kinesins can drive polarized transport in hippocampal neurons. We found that none of the kinesin motors selectively targets dendrites and that only five members of the kinesin-3 (KIF1A/B/C) and kinesin-4 (KIF21A/B) families can drive transport toward both the axon and dendrites. Moreover, we found that microtubule-binding protein doublecortin-like kinase (DCLK1) specifically localizes to dendrites and is required for kinesin-3-dependent cargo trafficking into dendrites. We propose a model in which DCLK1 at the microtubule surface represents a local regulatory mechanism for KIF1-mediated dendritic cargo transport.
Results

Roughly half of the kinesin motors can transport cargo in living cells
The 45 kinesin superfamily members consist of N-kinesins, C-kinesins, and M-kinesins and are organized into 14 families named kinesin-1 through kinesin-14 ( Fig 1A) (Lawrence et al, 2004; Hirokawa et al, 2010) . We first determined which kinesin members can function as motors for active cargo translocation in COS-7 cells. To test for kinesin motor motility, we made use of our previously developed cargo trafficking assay where FRB-FKBP heterodimerization triggers the coupling of kinesin motors to an artificial cargo after the addition of the rapamycin analogue (rapalog, Fig 1B) (Hoogenraad et al, 2003; Kapitein et al, 2010b) . We used stationary peroxisomes as cargos for the read out of the activity of a particular kinesin motor and followed their movement using live-cell imaging. Peroxisomes were labeled by expressing PEX-RFP-FKBP, which is a fusion construct of PEX3, a peroxisomal membrane-targeting signal, the red fluorescent protein (RFP) and FKBP12, a domain that can be bind to FRB in the presence of rapalog (Kapitein et al, 2010b) . Kinesin constructs were truncated to contain the motor domain and at least one coiled-coil domain (MDC) for dimerization, and fused with FRB and GFP (Fig 1A) . Together, 45 KIF-MDC constructs were generated, of which the KIF27-MDC construct was toxic to the cells and therefore omitted from our analysis. In COS-7 cells cotransfected with PEX-RFP-FKBP and KIF-MDC-GFP-FRB constructs, most peroxisomes were immobile and displayed a perinuclear distribution (with a radius~10 lm near the cell center) before rapalog addition (before, Fig 1C) . Treating these cells with rapalog revealed three possible outcomes for the peroxisome distribution; a robust accumulation over time of peroxisomes at the cell periphery (such as KIF1C) or no cargo translocation (such as KIF3B) (after, Fig 1C, see also Movie EV1). The kinesin members were defined as a "cargo translocating" when the peroxisomes moved over a distance of at least 5 lm from their initial position within 30 min after rapalog treatment (Appendix Figs S1 and S2). We found that 23 members of the kinesin superfamily were able to transport peroxisomes in COS-7 cells, of which all are N-kinesins (Fig 1E, Appendix Figs S1 and S2) . The cargo translocating kinesins displayed various average dispersion speeds (Fig 1F, Appendix Table S2 ; note in this analysis that the average dispersion speed does not reflect the actual velocity of a particular motor but is the average speed with which a particular motor translocates cargo from cell center to cell periphery). It should also be noted that truncated kinesin construct that failed in this assay either does not translocate cargos in living cells or misses critical element needed for cargo movement. In contrast, kinesins identified as cargo transporters do not necessarily transport endogenous cargo under physiological conditions. Thus, using the inducible cargo trafficking assay we found that roughly half of the kinesin superfamily members are able to translocate cargo in living cells.
A subset of kinesin-3 and kinesin-4 subfamily members drive cargo transport in both axons and dendrites
We next determined which kinesins can drive polarized transport in hippocampal neurons focusing on those members that transported cargo in COS-7 cells. Fully differentiated hippocampal neurons A Schematic representation of kinesin constructs used in the inducible trafficking assays. Kinesin constructs contain a motor domain and a coil (MDC). B Principle of inducible peroxisome trafficking assay. COS-7 cells were transfected with truncated motor constructs of kinesins fused with FRB and GFP (summarized in A) and peroxisomes labeled with PEX-mRFP-FKBP. Upon the addition of rapalog, kinesin motors are recruited to peroxisomes, and kinesin transporting features can be measured as peroxisome displacement. C Exemplary images of COS-7 cells expressing PEX-mRFP-FKBP before (upper panels) and 30 min after (middle panels) rapalog addition in the presence of a translocating motor, KIF1C-MDC-FRB, and a non-translocating motor, KIF3B-MDC-FRB. Yellow lines indicate COS-7 cell outline. Lower panel represents the overlay of sequential binarized images color coded by time (see also Appendix Fig S1) . Scale bar, 20 lm. D Plots representing intensity time traces of R90% for COS-7 cells transfected with PEX-mRFP-FKBP and KIF1C-MDC-FRB (n = 13) or KIF3B-MDC-FRB (n = 10). R90% is the radius for each time point that includes 90% of the total fluorescent intensity. Error bars indicate SEM. E Quantitative representation of average peroxisome displacement 30 min after the addition of rapalog for COS-7 cells transfected with kinesin constructs summarized in (A). The number of analyzed cells is summarized in Appendix Table S1 . Kinesins were considered translocators, if they displaced peroxisomes ≥ 5 lm (marked with a blue dashed line) in 30 min after rapalog addition. Error bars indicate SEM. F Quantitative representation of average dispersion speed of peroxisomes recruited to translocating kinesins as calculated from time traces of R90% (summarized in Appendix Fig S2, Appendix Table S1 ). Error bars indicate SEM. The EMBO Journal DCLK1 promotes KIF1-mediated cargo trafficking Joanna Lipka et al (stage 5) expressing PEX-RFP-FKBP, KIF-MDC-GFP-FRB, and blue fluorescent protein (BFP), to visualize neuronal morphology, were imaged at 14 days in vitro (DIV14) (Fig 2A) . At this stage, hippocampal neurons in culture have clearly morphologically distinct axon and dendrites, which can be further discriminated by immunostaining for the axonal marker Tau and dendritic marker MAP2 (Dotti et al, 1988; van Spronsen et al, 2013b) . Consistent with previous results (Kapitein et al, 2010a) , the addition of rapalog to neurons coexpressing PEX-RFP-FKBP and KIF5B-MDC-GFP-FRB induced a rapid burst of peroxisomes from the cell body into the axon (Fig 2A) . No peroxisome movement was observed toward dendrites after KIF5B-MDC-FRB recruitment (Fig 2A) . Measuring the PEX-RFP-FKBP intensity changes in axons and dendrites over time directly demonstrated that KIF5B predominantly drives transport into axons (Fig 2B, see also Movie EV2). Kinesins were considered to target dendrites if an increase in the intensity was observed in at least two dendrites in ≥ 50% of the analyzed cells ( Fig 2C) . All tested kinesin motors drive robust cargo transport into the axon but none of the members selectively target the dendrites (Fig 2C) . However, some kinesin members of the same family displayed different targeting preferences. We found that five members of the kinesin-3 (KIF1A, KIF1B, KIF1C) and kinesin-4 (KIF21A and KIF21B) subfamily target peroxisomes to both axons and dendrites (Fig 2A-C , see also Movie EV2), indicating that these five kinesin motors can drive non-polarized cargo transport in neurons. Interestingly, other members of the kinesin-3 (KIF13A, KIF13B, KIF16B) and kinesin-4 (KIF4A, KIF4B) subfamilies selectively drive transport into axons ( Fig 2C) . These results indicate that highly homologous members of the same subfamily display distinct targeting preferences. Axon-selective transport has already been observed in developing neurons directly after neuronal polarization (Jacobson et al, 2006) . We next tested whether KIF1C and KIF21A drive nonpolarized cargo transport during the early stages of neuronal development. Hippocampal neurons with developing neurites (stage 2/3) expressing PEX-RFP-FKBP, KIF-MDC-GFP-FRB, and blue fluorescent protein (BFP) were imaged at DIV2 (Fig 2D) . While KIF5B-MDC-GFP-FRB predominantly targets cargo into the longest neurite, KIF1C-MDC-GFP-FRB and KIF21A-MDC-GFP-FRB drive transport toward all neurites (Fig 2D) . Quantification revealed that KIF1C and KIF21A target at least two neurites in ≥ 90% of the analyzed cells (Fig 2E) . In the majority of the KIF1C-and KIF21A-expressing neurons, peroxisomes accumulate in all neurites (Fig 2F) . Together, these findings suggest that KIF1 members of the kinesin-3 and KIF21 members of the kinesin-4 subfamily drive non-polarized cargo transport in both developing and differentiated neurons.
DCLK1 is required for KIF1-mediated cargo transport into dendrites
Although we found no kinesin to selectively drive dendritic transport, our data showed that some KIF1 and KIF21 family members were able to target dendrites. These results suggest that dendrite specific cues may exist that facilitate kinesin-dependent cargo distribution in dendrites. Several classical MAPs and other microtubule-binding proteins are restricted to a specific neuronal compartment, and there are several lines of evidence suggesting that kinesin activity is controlled at the level of the microtubule-motor interface (Atherton et al, 2013; Franker & Hoogenraad, 2013 ). An important challenge is thus to identify microtubule-binding proteins that contribute to the dendritic targeting of KIF1 and KIF21 members. In cultured neurons at DIV14, we first determined the distribution of various MAPs that were previously reported to be present in dendrites. MAP1A and MAP1B were present in axons and dendrites at roughly equal levels, while MAP2 and DCLK1 were preferentially concentrated in the somatodendrite region (Fig 3A) . Consistent with previous studies (Huber & Matus, 1984; Shin et al, 2013) , the quantification of the relative ratio of fluorescent intensity in dendrites and axons revealed that MAP2 and DCLK1 are highly enriched in the dendrites (Fig 3B) .
We next determined whether these MAPs are involved in KIF1-dependent cargo transport. We used MAP1A, MAP1B, and MAP2 shRNAs based on the previously published sequences to perform knockdown experiments in neurons (Szebenyi et al, 2005; Tortosa et al, 2013) in combination with the KIF1C-inducible cargo trafficking assay. Three shRNA sequences were designed against DCLK1, and each reduced protein levels by~80% as revealed from both immunostaining and Western blot analysis (Fig 3C-F) , indicating an effective knockdown for all DCLK1-shRNA constructs. Depletion of DCLK1 did not affect DCLK2 protein levels (Fig 3E) , suggesting specificity of the DCLK1 knockdown. We next analyzed the axon and dendritic trafficking of KIF1C-bound peroxisomes in control and MAP-depleted neurons (Fig 3G and H) . In control neurons,~85% of the cells displayed both axonal and dendritic targeting of KIF1C. While MAP1B and MAP2 depletion did not and MAP1A only mildly affect the distribution of KIF1C-transported cargoes (80-90% and 60% of cells with axon/dendrite targeting, respectively), DCLK1 knockdown markedly reduced the A Representative maximum intensity projections of peroxisome distribution before and after rapalog addition in DIV14 hippocampal neurons expressing PEX-mRFP-FKBP, KIF1C-MDC-FRB, KIF21A-MDC-FRB or KIF5B-MDC-FRB. The morphology of transfected cells is visualized using a BFP fill. Axons are marked with a blue line. Arrows mark peroxisome targeting to dendrites (gray) and axon (blue) 30 min after rapalog addition. Scale bar, 20 lm. B Plots representing intensity time traces of dendrites and axons before and after rapalog addition for KIF1C-MDC-FRB (n = 6 neurons), KIF21A-MDC-FRB (n = 4) and KIF5B-MDC-FRB (n = 8). Traces were normalized to the average intensity before rapalog addition, and to the background. Error bars indicate SEM. C Quantitative representation of percentage of DIV14 neurons transfected as in (A) with constructs shown in Fig 1A, in which peroxisomes after the addition of rapalog redistributed to either axons ("a", blue bars) or to axons and at least 2 dendrites ("a + d", red bars). Kinesins were considered "dendrite targeting" if dendrites were targeted in ≥ 50% of cells and are highlighted in red. Kinesin constructs are transfected as indicated; the number of analyzed cells is summarized in Appendix Table S1 . D Representative maximum intensity projections of peroxisome distribution before and after rapalog addition in DIV2 hippocampal neurons transfected as in (A). Scale bar, 20 lm. E Percentage of DIV2 neurons transfected with KIF1C-MDC-FRB (n = 9 neurons), KIF21A-MDC-FRB (n = 14) and KIF5B-MDC-FRB (n = 14) in which peroxisomes redistributed into at least 2 neurites after the addition of rapalog. Error bars indicate SEM. F Percentage of neurites of DIV2 neurons transfected as in (E) targeted with peroxisomes after the addition of rapalog. Error bars indicate SEM. Joanna Lipka et al DCLK1 promotes KIF1-mediated cargo trafficking The EMBO Journal number of cells with axon/dendritic targeting to~25% ( Fig 3H) . Instead, in 60% of DCLK1-depleted neurons displayed, KIF1C now selectively targeted the axon (Fig 3G and H) . At the same time, DCLK1 knockdown does not affect KIF21 and KIF5 targeting ( Fig 3H) . These results suggest that DCLK1 is required for KIF1-mediated cargo transport into dendrites.
KIF1 proteins drive dense-core vesicle transport in neurons and are critical for dendrite morphology
We next determined whether DCLK1 is required for the endogenous KIF1 cargo transport. It has been suggested that KIF1 family proteins mediate dense-core vesicle (DCV) trafficking ( (n = 16) and DCLK1 sh#3 (n = 18). Non-transfected cells were taken as a control (n = 48). N = 2. Error bars indicate SEM; ***P < 0.001 (one-way ANOVA followed by a Tukey's multiple comparison test). E Example of Western blot analysis of protein extracts of DIV4 cortical neurons electroporated on DIV0 with pSUPER (control) or pSUPER encoding one of three DCLK1
shRNAs. Levels of actin were used as a loading control. F Quantification of protein levels of DCLK1 of samples represented in (E). N = 3, error bars indicate SEM, ***P < 0.001 (one-way ANOVA followed by a Tukey's multiple comparison test). G Representative maximum projections of peroxisome distribution in DIV14 neurons transfected with PEX-mRFP-FKBP, KIF1C (MDC)-FRB and the indicated shRNA before and 30 min after rapalog addition. BFP fill was co-transected to visualize the morphology of transfected neuron. Axons are marked with a blue line. Arrows mark dendrite (gray) and axon (blue) targeting of peroxisomes after rapalog addition. Scale bar, 20 lm. H Quantitative representation of the percentage of DIV14 neurons transfected with PEX-RFP together with either KIF1C, KIF21A or KIF5B and an indicated shRNA, in which after the addition of rapalog peroxisomes redistributed to axons ("a", blue bars), to both axons and dendrites ("a + d", red bars) or did not redistribute into any neuronal compartment ("nt", no targeting, gray bars). 19-44 neurons were analyzed per condition; N = 2. (Lochner et al, 2008) . The NPY labeled DCVs also contained the secretory proteins brain-derived neurotrophic factor (BDNF) (Fig 4D  and E) but did not coincide with the dendritic membrane protein Transferrin Receptor (TfR) (Fig 4F and G) . In addition, the average velocity and run length of DCVs and TfR vesicles are markedly different (Fig 4H and I) , suggesting that these two populations of vesicles are transported by different motors. We next determined whether KIF1 is required for DCV cargo transport into dendrites. We generated KIF1A, KIF1B, and KIF1C shRNAs (collectively named KIF1 shRNAs) and performed knockdown experiments in combination with live-cell imaging of NPY-GFP. To specifically visualize NPY-GFP entries into dendrite, the proximal dendrite was first photobleached and directly after imaged with fast acquisition (Fig 4J) . Kymographs were used to quantify the number of NPY-GFP entries and their dynamics (Fig 4K) . In KIF1-depleted neurons, the number of NPY-GFP entries into the dendrite is strongly reduced compared to control cells and KIF21 knockdown neurons (Fig 4L) . Knockdown of KIF1A or KIF1C strongly decreased the number of dendritic NPY-GFP vesicles, while depletion of KIF1B did not affect NPY-GFP trafficking (Fig 4L) . The dendrite selective transport of Transferrin Receptor (TfR) vesicles was not altered in KIF1-depleted neurons (Fig 4M and N) . These data indicate that KIF1A and KIF1C are required to drive DCVs into dendrites.
Previous studies showed that DCVs causes dendritic growth by the release of peptide neuromodulators (Horch & Katz, 2002; Lazo et al, 2013) . Recent results suggest that DCLK1 is also involved in dendrite development (Shin et al, 2013) . Indeed, we found that depletion of endogenous DCLK1 in DIV10 neurons affected the complexity of the dendritic branching and total dendritic length (Fig 4O-Q) . This phenotype is very similar to the reduced dendritic complexity observed in KIF1 deficient neurons (Fig 4O-Q) . Thus, together these data suggest that the DCLK1/KIF1-dependent trafficking of DCVs is required for proper dendrite morphology.
DCLK1 regulates dense-core vesicle transport into dendrites
To further determine the precise role of DCLK1 in DCV trafficking, we depleted endogenous DCLK1 in DIV14 hippocampal neurons and analyzed the trafficking of NPY-GFP into dendrites. The number of dendritic NPY-GFP entries is strongly reduced in DCLK1 knockdown neurons compared to control cells (Fig 5B and C , see also Movie EV4). The impaired DCV trafficking phenotype was partly rescued by expression of an shRNA-resistant form of full-length DCLK1 (Fig 5B and C) . TfR receptor vesicle trafficking was not altered in DCLK1-depleted neurons (Fig 5D and E) . These results indicate that DCLK1 is required to drive DCVs into dendrites.
DCLK1 contains two C-terminal "doublecortin" microtubulebinding (MTB) domains and an N-terminal kinase (KD) domain (KD) (Fig 5A) . To determine which DCLK1 domain is required for DCLK1 function, we cotransfected neurons with DCLK1 shRNA and C-or N-terminal deletion mutants: DCLK1(DKD)-GFP (RNAi-resistant DCLK1 without a kinase domain) and DCLK1(DMTB)-GFP (RNAi-resistant DCLK1 without the microtubule-binding domains). In DCLK1-depleted neurons, expression of DCLK1(DKD)-GFP, and not DCLK1(DMTB)-GFP, rescued the dendritic DCV trafficking defects (Fig 5B and C) . In addition, DCLK1(MAP2)-GFP (RNAi-resistant DCLK1 where the MTB of DCLK1 is replaced with the MTB of MAP2) did not rescue the DCLK1 phenotype (Fig 5B and C) . Together, these results suggest a critical role for the DCLK1 MTbinding domains in DCV trafficking. Representative kymographs of NPY-GFP-labeled dense-core vesicle motility in primary dendrites of transfected neurons. DIV10-14 hippocampal neurons were cotransfected for 4 days with plasmids encoding NPY-GFP, BFP fill and either KIF21 shRNA mix (n = 30), KIF1 shRNA mix (n = 31), KIF1A shRNA (n = 19), KIF1B shRNA (n = 19) or KIF1C shRNA (n = 11). pSUPER was used as a control (n = 15). Scale bar, 5 lm. L Quantification of the average number of dense-core vesicle entries into the primary dendrite of neurons from (K) in 100 s after photobleaching. N = 2-3. Error bars indicate SEM; ***P < 0.001 (one-way ANOVA followed by a Tukey's multiple comparison test). M Representative kymographs of TfR-GFP-labeled recycling endosome motility in primary dendrites. DIV10-14 hippocampal neurons were cotransfected with TfR-GFP together with a BFP fill and a KIF1 shRNA mix (n = 11). pSUPER was used as a control (n = 20). Scale bar, 5 lm. N Quantification of the average number of recycling endosome entries into the primary dendrite of neurons from (M) in 50 s. N = 2. Error bars indicate SEM. ns, not significant (Mann-Whitney test). O Representative images of hippocampal neurons (DIV4) cotransfected with an empty pSUPER (control) or pSUPER encoding an indicated shRNA together with a GFP fill fixed at DIV8 and immunostained for MAP2 and sodium channels (AIS). Scale bar, 50 lm. P Sholl analysis of cells described in (O). Error bars indicate SEM; *P < 0.05, **P < 0.01, and ***P < 0.001 (two-way ANOVA test followed by Bonferroni's post hoc test). Q Analysis of the total dendritic length of cells described in (O). Error bars indicate SEM; *P < 0.05, **P < 0.01 and ***P < 0.001 (one-way ANOVA followed by a Tukey's multiple comparison test). 21-24 neurons (n) were analyzed per condition; N = 2. The EMBO Journal DCLK1 promotes KIF1-mediated cargo trafficking Joanna Lipka et al DCLK1 preferentially associates with dynamic microtubules DCLK1 controls DCV transport into dendrites, but little is known about the expression and distribution of DCLK1 in differentiated neurons. In contrast to transient DCX expression in newly generated and immature neurons (Francis et al, 1999; Gleeson et al, 1999a) , DCLK1 is present throughout hippocampal development and maintained in more mature neurons (Fig 6A) . Immunocytochemistry of mature hippocampal neurons at DIV14 with DCLK1 antibodies revealed a marked somatodendritic staining (Fig 3A and B) . Highresolution images showed that DCLK1 strongly colocalizes with microtubules in dendrites (Fig 6B) . Due to the high microtubule density in dendrites, we cannot unambiguously separate individual microtubules. We moved to COS-7 cells where the microtubule array is rather sparse and individual microtubules can be distinguished. In COS-7 cells, DCLK1-GFP is excluded from the stable (detyrosinated) microtubule population, labels dynamic microtubules along their length and accumulates in long stretches near the microtubule ends at the cell periphery (Fig 6C) . Similar results were obtained by expression of DCLK1(DKD)-GFP in COS-7 cells (Fig 6D) . The ability of DCLK1 to associate with dynamic microtubules was further confirmed by simultaneous dual-color live imaging of DCLK1-GFP and TagRFP-EB3: EB3 labels the growing microtubule plus-end of DCLK1-labeled dynamic microtubules (Fig 6E) . These data are consistent with recent in vitro studies, where DCX was shown to recognize a subset of microtubules and is able to associate with growing microtubule ends (Bechstedt & Brouhard, 2012) .
Proper microtubule polarity in DCLK1-depleted dendrites
How does DCLK1 control KIF1 cargo transport into dendrites? DCLK1 interacts with microtubules and may indirectly affect DCV trafficking by changing microtubule polarity in dendrites. We first tested for stable and dynamic microtubule markers. Western blot analysis revealed that DCLK1 depletion does not affect the levels of total, acetylated and tyrosinated tubulin (Fig 7A) . Neurons expressing DCLK1 shRNA and stained for EB3 as a marker of dynamic microtubules (Jaworski et al, 2009) showed that the characteristic comet-like microtubule plus-end pattern was slightly increased in the soma and dendrites (Fig 7B-D) , suggesting that DCLK1 may have a role in regulating microtubule dynamics. We next tested whether DCLK1 controls the organization of mixed microtubules in dendrites. Control neurons show an anti-parallel microtubule organization with GFP-MT+TIP comets growing toward the soma (retrograde, plus-end-in) and dendritic tips (anterograde, plus-end-out) (Fig 7E) . In DCLK1-depleted neurons, the GFP-MT+TIP comets grow in opposite directions similar to control cells (Fig 7E and F) . To elucidate in more detail the orientations of dynamic and stable microtubules, we use live-cell imaging of GFP-MT+TIPs in combination with laser-based microsurgery (Yau et al, 2014) . Analyzing the growth direction of GFP-MT+TIP comets after laser severing revealed that the mixed microtubule orientations in dendrites are of roughly equal ratio in both control and DCLK1 knockdown neurons (Fig 7G and H) . Together these data suggest that DCLK1 is not critically involved in microtubule organization in dendrites.
The N-terminal region of DCLK1 associates with the motor domain of KIF1
Previous studies have shown that DCX and KIF1A directly interact and form a ternary complex with microtubules (Liu et al, 2012 ).
Here we tested whether DCLK1 can associate with KIF1 family members (Fig 7I-K) . Constructs encoding biotinylated and GFPtagged full-length DCLK1 (DCLK1-GFP-bio) and HA-tagged truncated KIF1 (KIF1A-MDC and KIF1C-MDC) were transiently expressed in HEK293 together with the protein biotin ligase BirA. Biotinylated DCLK1 proteins were isolated with streptavidin beads and further analyzed by Western blotting. DCLK1 specifically pulled down truncated KIF1A and KIF1C (Fig 7I) , indicating that DCLK1 associates with the motor domain/coiled-coil region of KIF1 family members. Deletion of the KIF1A coiled-coil region showed that DCLK1 is able to associate with a single motor domain (Fig 7J) . Full-length KIF1A was used as a positive control. By expressing the N-terminal domain (DCLK1(DKD)-GFP) and C-terminal domain (DCLK1(DMTB)-GFP) regions, we mapped the KIF1-binding region of DCLK1 (Fig 7K) . While the C-terminal kinase domain was not able to interact with KIF1A, the microtubule-binding region bound to KIF1A (Fig 7K) . Together, these data indicate that the N-terminal region of DCLK1 associates with the motor domain of KIF1 and suggest that DCLK1 at the microtubule surface controls specific kinesin-mediated cargo transport into dendrites.
Discussion
In this study, we demonstrate that KIF1 and KIF21 family members can drive cargo transport into both the axon and dendrites. The dendrite targeting of KIF1 is regulated by the microtubule-binding protein DCLK1. DCLK1 is a close homologue of doublecortin (DCX), which is mutated in X-linked lissencephaly and double-cortex syndrome (Gleeson et al, 1999b) . The N-terminal domain of DCLK1 is almost identical to DCX and associates with microtubules (Kim et al, 2003) . In contrast to DCX, DCLK1 remains expressed in developing and mature neurons. We found that DCLK1 labels dendritic Joanna Lipka et al DCLK1 promotes KIF1-mediated cargo trafficking The EMBO Journal microtubules and is required for KIF1-dependent dense-core vesicle (DCV) trafficking and dendrite development. The results suggest a model in which DCLK1 at the microtubule surface represents a regulatory signal for enhancing KIF1 motor activity in dendrites.
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Polarized cargo transport is controlled at the microtubule-motor interface
Probing polarized transport of endogenous transport carriers is challenging because cargos typically have different types of motors attached, precluding direct determination of the active motor type that is driving polarized transport. In this study, we used an inducible cargo trafficking assay to test for targeting properties of all 45 known kinesin family members. Here we found that roughly half of the kinesin superfamily members we evaluated are able to translocate cargo in living cells. This does not necessarily mean that other kinesins are not able to transport cargo in living cells. By creating truncated kinesin constructs it is possible that some of the kinesin family members are non-functional due to incorrect protein folding or that they are missing critical components of the native motor complex. Moreover, kinesins identified as "cargo translocators" do not necessarily transport endogenous cargo in living cells. For instance, KIF21A, which is named a "cargo translocator" in our study has been shown to be a suppressor of microtubule growth (van der Vaart et al, 2013) while its function in cargo transport is not documented. Consistent with in vitro studies, we found that the kinesin members have different transport characteristics. Even kinesin members within the same subfamily have different transporting properties and targeting preferences suggesting that primary sequence conservations and structural similarities do not necessarily account for similar motor functions. We found that none of the kinesins selectively target dendrites and only five members of the kinesin-3 (KIF1A/B/C) and kinesin-4 (KIF21A/B) families drive transport into both the axon and dendrites. The data are largely consistent with experiments in fixed neurons where the axonal and dendritic accumulations of some of the major kinesin members were quantified (Huang & Banker, 2012) . Nevertheless, some motors, such as KIF21A, target the dendrites when bound to cargo. It is also important to note that in this study, we evaluated which kinesins mediate selective transport from the cell body into axons and/or dendrites. Previous data have shown that while most kinesin family members hardly drive transport from the cell body into dendrites, some of them can induce bidirectional motility of cargo that is already present within dendrites (Kapitein et al, 2010a) . These data indicate that a select team of kinesin and dynein motors establishes the initial cargo sorting from the cell body to the dendrites, whereas other motors can assist in cargo motility once the vesicle is inside dendrites. Moreover, dynein has also been shown to mediate dendrite selective cargo transport over minus-end-out microtubules (Kapitein et al, 2010a) . It is very likely that dendritic transport selectivity is achieved by cooperative actions of KIF1 and dynein motors. Future studies on polarized cargo transport should investigate the role of different motor combinations.
The use of truncated kinesin constructs in which the cargobinding domain and most of the tail region is deleted, revealed that the motor domain and first coiled-coil region are sufficient to drive polarized cargo transport in neurons. These results demonstrate that selective cargo trafficking can be controlled at the level of the microtubule-dimeric motor interface. However, additional regulatory mechanisms are likely to be involved. For instance, our results showed that all truncated transporting kinesins are able to drive robust cargo trafficking into the axon, indicating that the regulatory factor for selective cargo sorting at the axon initial segment is absent in this trafficking system. Moreover, it has been clearly demonstrated that some kinesins, such as KIF11 (Eg5) and KIF17 which in our assay are selectively targeting the axon, are present in dendrites (Ferhat et al, 1998; Guillaud et al, 2003) . Thus, it is very likely that additional motors, adaptor proteins, or signaling factors present on endogenous transport carriers provide additional levels of regulation (Ou et al, 2010; Farias et al, 2012; Watanabe et al, 2012; van Spronsen et al, 2013a) . Indeed, several studies report that additional kinesin-3 regulatory mechanisms exist that involves the interaction of tail domain (Hammond et al, 2009) . Therefore, mimicking endogenous neuronal cargo transport by recruiting additional regulatory complexes to transport carriers will be a major challenge for future work.
DCLK1 is required for DCV trafficking and dendrite development
Dendritic growth and branching is associated with polarized secretory vesicle trafficking (Horton et al, 2005; Ye et al, 2007; Quassollo et al, 2015) . Here we show that neurons lacking DCLK1 or members of the kinesin-3 family (KIF1) fail to develop proper dendrite The EMBO Journal DCLK1 promotes KIF1-mediated cargo trafficking Joanna Lipka et al morphology. These data are consistent with the dendritic phenotype observed in neocortical pyramidal neurons of mice after in utero electroporation of DCLK1 shRNAs (Shin et al, 2013) . We also found that DCLK1 regulates dense-core vesicle (DCV) transport into dendrites. DCVs are generated at the Golgi and then trafficked before they are secreted at the plasma membrane (Kim et al, 2006) . Previous studies showed that DCVs are essential for proper neuronal development by the release of their peptide neuromodulators (Horch & Katz, 2002; de Wit et al, 2006; Schlager et al, 2010; Lazo et al, 2013) . Our data suggest that the DCLK1 controls dendritic outgrowth and branching by controlling KIF1-dependent DCV trafficking. It is tempting to speculate that the dendritic DCLK1 depletion phenotype is caused by DCV mistargeting and the subsequent reduction of secretory events in developing dendrites. This is consistent with previous observations that increased retrograde transport of DCVs and accumulation of NPY, Sema3A and BDNF in the cell body reduces dendritic outgrowth (Schlager et al, 2010) . At early stage of neuronal development, DCVs are coupled to KIF1 and dynein via cargo adaptor protein Bicaudal-D-related protein 1 (BICDR-1) and this motor-adaptor complex is responsible for coordinating bidirectional DCV transport (Schlager et al, 2014) . This indicates that various molecular mechanisms exist that control DCV trafficking to ensure temporal and spatial regulation of secretion events. Our data suggest that DCLK1 is particularly involved in dendritic targeting of DCVs.
Regulation of KIF1 transport through interactions with DCLK1
How does DCLK1 control KIF1-dependent cargo transport into dendrites? DCLK1 interacts with microtubules and may provide local control of KIF1-mediated vesicle trafficking into dendrites. Several lines of evidence support this model. First, we found that DCLK1 is present in developing and mature neurons and preferentially associates with a specific subset of microtubules. These data are consistent with a recent study, where pan-DCLK antibodies predominately stained the somatodendritic compartment of cultured hippocampal neurons (Shin et al, 2013) . We also found that DCLK1 does not affect microtubule polarity in dendrites, which suggests that the impairments in dendrite targeting caused by DCLK1 knockdown are not a result of a change in microtubule orientation. Second, we show that the microtubule-binding domain (MTBD) of DCLK1 associates with the KIF1A and KIF1C motor domain. The results are similar to the reported binding regions of DCX and KIF1A (Liu et al, 2012) . Testing the functional effect of the purified MTBD on microtubule binding and KIF1 motility will be required to fully explore our model. Third, we found that DCLK1 is required for KIF1-mediated cargo transport into dendrites. Previous studies showed that lack of DCX decreases the run length of KIF1A motors and its associated cargo in axons of young neurons (Liu et al, 2012) . The observed decrease in run length correlated with a decreased affinity of ADPbound KIF1A motor domain to microtubules in the absence of DCX. It has been hypothesized that DCX reduces KIF1 detachment from the microtubules after completion of its ATPase cycle and therefore promotes cargo transport. Combined with our neuronal trafficking data, these results suggest that DCX family members promote KIF1 motor function. We propose that KIF1 motor activity may be locally enhanced in specific neuronal compartments where DCX family proteins are enriched. In our case the preferential association of DCLK1 with dendritic microtubules may provide local control over KIF1 activity into dendrites. In this way, microtubules decorated with DCLK1 promote KIF1-mediated vesicle trafficking into dendrites, and possibly exclude trafficking of cargo carried by other motors. However, upon knockdown of DCLK1 we did not observe dendritic targeting of KIF5 family members. Therefore, DCLK1 is not an excluding factor for-at least-KIF5. This "exclusion" mechanism may however exist for other kinesin family members. The action of DCX family proteins is distinct from the many other regulatory mechanisms that control kinesin motor activity at the microtubule-motor level (Schlager & Hoogenraad, 2009; Janke & Kneussel, 2010) . DCX binds to the pockets between protofilaments at the corners of four ab-tubulin dimers and stabilizes 13-protofilament microtubules, suggesting that DCX family proteins can somehow dictate or "measure" protofilament number (Fourniol et al, 2010; Bechstedt & Brouhard, 2012) . In addition to enhancing KIF1 activity by direct binding with DCLK1 at the microtubule surface, DCLK1 may also influence the microtubule lattice structure and indirectly facilitate KIF1 motor domain binding. Identifying the unique dendritic microtubule features that promote DCLK1 binding is a key challenge for future work.
Highly compartmentalized neurons need efficient regulation machinery to ensure proper delivery of cargo to appropriate destination. Understanding the molecular mechanism of transport is of critical importance since numerous motors and their regulators have been implicated in a wide array of neurodegenerative disorders such as Huntington's disease, amyotrophic lateral sclerosis and multiple sclerosis (Franker & Hoogenraad, 2013; Millecamps & Julien, 2013) . Growing evidence suggests that microtubule-associated proteins may regulate motor protein transport. Here we show that DCLK1 promotes KIF1-mediated cargo trafficking into dendrites. Our study demonstrates that microtubule-binding proteins can provide local signals for specific kinesin motors to drive polarized cargo transport in neurons. In analogy to the previously coined "tubulin code" (Janke, 2014) , the specific distribution of microtubule-associated proteins may form a "MAP code", in which microtubule-binding proteins regulate the activity of specific kinesin family members (Liu et al, 2012) .
Materials and Methods
Ethics statement
All animal experiments were performed in compliance with the guidelines for the welfare of experimental animals issued by the Government of The Netherlands. All animal experiments were approved by the Animal Ethical Review Committee (DEC) of Utrecht University.
Antibodies and reagents
The following antibodies were used in this study: rabbit anti-DCLK1 (Abcam, cat#ab31704), rabbit anti-DCLK2 (Abcam, cat#ab106639), chicken anti-MAP2 (Abcam, cat#ab5392), goat anti-MAP1A (Santa Cruz Biotechnology, cat#sc8969), goat anti-MAP1B (Santa Cruz Biotechnology, cat#sc8970), goat anti-DCX (Santa Cruz Biotechnology, cat#sc8066), mouse anti-b-III-tubulin (Sigma-Aldrich, cat#082M4845), mouse anti-a-tubulin (Sigma-Aldrich, cat#T-5168), 
DNA constructs
To generate truncated kinesin (MDC) constructs for the cargo trafficking assay, the first coiled-coil regions were identified in the protein structure of kinesins using COILS prediction software. Next appropriate sequences were inserted into pbactin-GFP-FRB and/or pbactin-HA-FRB vector. The DCLK1 expression constructs were a kind gift from Shigeo Okabe (Shin et al, 2013; NM_019978 
Live-cell imaging and laser-induced severing
Simultaneous dual-color time-lapse live-cell imaging and TIRFM was performed on a Nikon Eclipse TE2000E microscope with Coolsnap and QuantEM cameras (Roper Scientific). Neurons were maintained at 37°C with 5% CO 2 (Tokai Hit). A Teem Photonics 532-nm Q-switched pulsed laser is used for laser-induced severing. The FRAP experiments were performed on a spinning disk microscope system using the ILas2 system (Roper Scientific). For details, see Appendix Supplementary Materials and Methods.
Expanded View for this article is available online.
